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Raubtier oder Beute? Chlamydophila abortus-Infektionen einer freilebenden Amöbe, 
Acanthamoeba castellani 9GU 
 
Es bestehen beschränkte, wissenschaftliche Hinweise, die darauf schliessen lassen, 
dass die Fähigkeit bakterizide Aktivität einzelliger Wirtszellen zu durchdringen und 
dieser zu entrinnen sich bis auf Teile der Chlamydiaceae, intrazelluläre  
Krankheitserreger von Menschen und Tieren und evolutionäre Nachkommen der 
amöben-resistenten, chlamydia-ähnlichen Organismen, erstreckt. Die Polymerase-
Kettenreaktion und mikroskopischen Analysen von Chlamydophila abortus-
Infektionen von Acanthamoeba castellani liessen die Aufnahme von diesem  
Chlamydiaerreger erkennen, aber im Unterschied zu dem gut beschriebenen 
Insassen A. castellani, Parachlamydia acanthamoebae, schien sich Cp. abortus nicht 
zu verbeiten und  wird wahrscheinlich von seinem Amöbenwirten verdaut. Diese 
Daten erwecken Zweifel an der Fähigkeit von freilebenden Amöben als Wirte und 
Überträger von pathogenen Teilen der Chlamydiaceae zu dienen, zeigen aber 
Möglichkeiten auf,  um durch vergleichende Genomik Virulenzmechanismen zu 
verstehen, die von chlamydia-ähnlichen Organismen dazu verwendet werden, um 
Amöbenverdauung zu vermeiden. 
Predator or prey? Chlamydophila abortus infections of a free-living amoebae, 
Acanthamoeba castellani 9GU 
 
 
Limited evidence exists to suggest that the ability to invade and escape protozoan host 
cell bactericidal activity extends to members of the Chlamydiaceae, intracellular 
pathogens of humans and animals and evolutionary descendants of amoeba-resisting 
Chlamydia-like organisms. PCR and microscopic analyses of Chlamydophila abortus 
infections of Acanthamoeba castellani revealed uptake of this chlamydial pathogen but, 
unlike the well-described inhabitant of A. castellani, Parachlamydia acanthamoebae, 
Cp. abortus did not appear to propagate and is likely digested by its amoebal host. This 
data raises doubts about the ability of free-living amoebae to serve as hosts and vectors 
of pathogenic members of the Chlamydiaceae but reveals opportunities, via 
comparative genomics, to understand virulence mechanisms used by Chlamydia-like 
organisms to avoid amoebal digestion.    
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Chlamydiae are obligate intracellular bacteria, characterised
by a bi-phasic developmental cycle which involves conversion
between two distinct morphological forms, an infectious
elementary body (EB) and a metabolically active reticulate
body (RB). The traditional members of the order Chlamydiales,
the Chlamydiaceae, are mainly restricted to infections of
higher-order organisms and cause disease in humans andAbbreviations: BSA, bovine serum albumin; CLSM, confocal laser scan-
ning microscopy; DAPI, 40,6-diamidino-2-phenylindole; EB, elementary
body; hpi, hours post-infection; IFU, infection forming units; LPS, lipopoly-
saccharide; MOI, multiplicity of infection; PAS, Page’s amoebic saline;
PBS, phosphate buffered saline; PYG, peptoneeyeast extracteglucose; RB,
reticulate body; RT, room temperature.
* Corresponding author. Tel.: þ41 44 635 8578; fax: þ41 44 635 8934.
E-mail address: vaughanl@vetpath.uzh.ch (L. Vaughan).
1 Mirjam Wirz and Adam Polkinghorne contributed equally to this work.
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doi:10.1016/j.micinf.2008.01.006animals. The more recently described Chlamydia-like
organisms such as the Parachlamydiaceae, Simkaniaceae and
Waddliaceae among others, share 80e90% ribosomal RNA
gene homology with Chlamydiaceae, a Chlamydia-like cycle
of replication and are emerging causes of disease in both hu-
mans and animals. A distinguishing characteristic of these bac-
teria is their ability to naturally infect a large range of organisms
including free-living amoebae [1].
The most well-described chlamydial organisms resistant to
free-living amoebae are members of the Parachlamydiaceae.
Members of this family are considered potential emerging
pathogens based on their association with respiratory tract
infections [2e4] and their ability to replicate within human
macrophages [5,6], likely developed during years of co-
evolution with free-living amoebae. The developmental cycle
of Parachlamydia acanthamoebae in free-living amoebae,
Acanthamoeba, involves the phagocytosis by amoebal tropho-
zoites (vegetative amoebal forms) of infectious EBs which
592 M. Wirz et al. / Microbes and Infection 10 (2008) 591e597convert to RBs within 8 hours post-infection (hpi) [7]. These
RBs exist free in the amoebal cytoplasm or within vacuoles
and undergo replication. The results of infection are tempera-
ture dependent because at high temperatures (32e37 C), P.
acanthamoebae RBs re-differentiate into EBs and are subse-
quently released either following lysis of the amoebae or are
expelled within the vesicles [7], whereas at lower temperatures
(25 C), P. acanthamoebae appear to be endosymbiotic [8].
Some Chlamydia-like organisms, as demonstrated for Simka-
nia negevensis, are also able to survive in cysts, allowing
Chlamydia-like organisms to resist highly adverse environ-
mental conditions [9].
One report describes the ability of Chlamydophila pneumo-
niae, a human respiratory pathogen and member of the Chla-
mydiaceae, to survive within Acanthamoeba castellani [10].
This observation is supported by a number of reports of natural
infections of Chlamydia and amoebae in humans and animals
[11e14] and if substantiated, would have important ramifica-
tions on our understanding of methods of transmission for
members of this pathogenic family of strictly intracellular bac-
teria. In the current study, we examined the entry, intracellular
growth and survival of Chlamydophila abortus, a close phylo-
genetic relative of Cp. pneumoniae and an important pathogen
associated with abortion in ruminants, pigs and humans, in
a free-living amoeba, A. castellani, in an attempt to further
elucidate the hostepathogen relationship of these organisms.
2. Materials and methods2.1. Chlamydial cell cultivation and purificationCp. abortus strain 26/3, isolated from a vaccinated ewe
[15], was used for experimental infections of A. castellani.
A. polyphaga strain Linc AP-1 was used for cultivation of P.
acanthamoebae.
A. castellani 9GU was grown at 25 C in cell culture plates
(Techno Plastic Products, Trasadingen, Switzerland) contain-
ing peptoneeyeast extracteglucose (PYG) media [16] under
axenic conditions. Amoebae were microscopically counted
in a Burker chamber prior to infection. Cultivation and
purification of P. acanthamoebae for infection of A. castellani
were as previously described [17]. Cp. abortus was cultivated
in Hep2 cells (ATCC, Manassas, USA) and EBs were purified
on a discontinuous gastrografin gradient (Schering, Lys-Lez-
Lannoy, France), as described previously [18]. The purity
was controlled by transmission electron microscopy (TEM;
Philips CM100, Eindhoven, The Netherlands) and confocal
laser scanning microscopy (CLSM; Leica TCS SP2 AOBS,
Leica Microsystems, Mannheim, Germany).2.2. Infection of amoebaeTissue culture plates containing 2 105/cm2 A. castellani
were infected with differing MOIs of either P. acanthamoebae
or Cp. abortus under centrifugation at 1000 g for 1 h at
25 C. After 1 hpi at 25 C, supernatant was replaced with
fresh PYG broth and cultures were incubated for varyingtime periods. In certain experiments, supernatant from the in-
oculation was replaced with fresh PYG broth containing
100 mg/ml vancomycin, 50 mg/ml gentamycin and 2 mg/ml
amphotericin B.2.3. Encystment protocolOne hundred MOIs of Cp. abortus were encysted 24 hpi by
treatment with encystment buffer (0.1 M KCl, 0.02 M tris(2-
amino-2-hydroxymethyl)-1,3-propandiol, 8 mM MgSO4, 0.4
mM CaCl2, 1 mM NaHCO3) for up to 3 days. Samples for
microscopy and PCR were obtained by plating onto poly-
lysine coated slides or by cytospin.2.4. MicroscopyInfected cells were collected by removing medium and
releasing the adherent cells with 10 mM ETDA in PBS at
4 C for 10 min. The resultant cell suspension was pelleted
by centrifugation at 200 g for 10 min and re-suspended
with 2 ml Page’s amoebic saline (PAS).
For CLSM, cell suspensions were collected on poly-lysine
coated slides by cytospin centrifugation at 60 g for 5 min at
4 C. Cells were fixed and permeabilised by incubation with
4% paraformaldehyde for 10 min at 4 C, followed by gentle
washing in ice-cold PBS and incubation in methanol for
2 min at 20 C. Fixed cells were washed three times with
PBS and blocked with 2% BSA in PBS. P. acanthamoebae
and Cp. abortus were detected by rabbit anti-Parachlamydia
[3] and Chlamydiaceae family-specific mouse monoclonal
antibody (AC-1, Progen, Heidelberg, Germany) 1:200 in 2%
BSA for 1 h at room temperature (RT). Primary antibodies
were detected by goat anti-rabbit Alexa488 antibody and goat
anti-mouse Alexa594 antibody (Invitrogen) for 1 h in 2%
BSA at RT. Host cells were counterstained with the
complementary Concanavalin-A-Alexa488 or Concanavalin-
A-Alexa594 (ConA488 or ConA594; Invitrogen) and nuclei
(DNA) visualized with 40,6-diamidino-2-phenylindole (DAPI).
Coverslips were embedded in Fluoromount G (Interchim,
France) and mounted onto the microscope slides.
Microscopy was performed with a confocal laser scanning
microscope (Leica TCS SP2 AOBS, Leica Microsystems,
Mannheim, Germany). 3D image stacks were collected
sequentially (to prevent possible channel cross-talk) according
to Nyquist criteria, deconvolved where necessary using
Huygens (SVI Hilversum, Netherlands) and prepared for pub-
lication using Imaris Easy-3D (Bitplane, Zurich, Switzerland).
Using this procedure, focus image planes of all positively
staining bacteria present in a 4e10 mm thick optical section
could be combined in a single 2D image, facilitating analysis.
To facilitate comparison, in the final images the channel
assignments were blue for DNA, green for primary antibodies
and red for Concanavalin-A.
For TEM, cells were fixed in 50 mM sodium cacodylate
buffer pH 7.3 containing 2% glutaraldehyde and 0.8% parafor-
maldehyde and post-fixed with 1% OsO4 in 50 mM sodium
cacodylate buffer, pH 7.3 dehydrated in an ethanol series
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were contrasted with uranyl acetate and lead citrate.2.5. Real-time PCR for quantification of Cp. abortus
and P. acanthamoebaeInfected cells were collected by cytospin preps before DNA
extraction was performed using a Qiagen QIAmp Blood Mini
Kit (Qiagen, Hilden, Germany). Cp. abortus quantification
was performed by a species-specific real-time PCR targeting
the Cp. abortus rRNA region intergenic spacer with primer
pair MW1for (50-CTTGCCGTAAACGATGCATAC-30) and
MW2rev (50-CATGCTCCACTGCTTGTGC-30). The 135 bp
PCR product was detected by a fluorescent probe MW3p (6-
FAM-50-CACCCTTGCGAGTGTACTCCTC-30, where 6-FAM
is 6-carboxyflourescein and TAMRA is 6-carboxytetrame-
thylrhodamine). The PCR reactions were prepared as previ-
ously described [19].
Quantification of P. acanthamoebae growth was deter-
mined by real-time PCR targeting a P. acanthamoebae non-
mitochondrial ATP/ADP translocase gene with primer pair
Adp81F (50-TAGTGATCTGCTACGGGATTT-30) and Adp
84R (50-TTGGATTAGGATATTGCAATTT-03) and fluorescent
labelled probe (6-FAM-50-AACCTTGTAGAAGTAACCTG-
GAAGAACCAGC-30-TAMRA), as previously described [2].
3. Results3.1. Uptake and survival of P. acanthamoebae in
A. castellani 9GUAs a positive control for comparison to our experimental
infections with Cp. abortus, we infected A. castellani with
P. acanthamoebae at an estimated MOI of 1 and observed up-
take and survival of this bacterial endosymbiont by CLSM and
real-time PCR (Figs. 1 and 2). Cultures were grown at 25 C,
a temperature at which P. acanthamoebae had previously been
shown to replicate efficiently and induce lysis of A. polyphaga
after several days of infection [8]. Accumulation of P. acan-
thamoebae was observed within the vacuole lumen by
CLSM at 24 h and 48 hpi (Fig. 1). Over the same time
period, the DNA copy numbers of P. acanthamoebae
increased exponentially suggesting logarithmic growth was
occurring (Fig. 2a). This replication continues up to 72 hpi
when individual P. acanthamoebae were observed in the
host cell cytoplasm or free in the medium following rupture
of the host cell vacuole (Fig. 1).3.2. Uptake and survival of Cp. abortus in
A. castellani 9GUExperimental infections of Cp. abortus EBs in A. castellani
9GU were performed at MOIs of 1, 50, 100 and 200 under
similar conditions to the P. acanthamoebae infections and
observed by quantitative PCR, TEM and CLSM (Figs. 1e3).
Phagocytosed chlamydial bodies could be observed inside
a membrane-bound inclusion within the amoebal cytoplasmusing TEM (Fig. 3) and CSLM (data not shown). These chla-
mydial forms were no longer uniformly EB-like with some
forms already lacking condensed (electron-dense) nuclear
material, suggesting either morphological differentiation or
degradation had began by this time point. At later time points,
and regardless of the MOI used, Cp. abortus disappeared
rapidly from the amoeba, supporting degradation of the bacte-
ria rather than cell survival or proliferation (Fig. 2).
A Cp. abortus specific real-time PCR was used to detect
Cp. abortus DNA in the A. castellani-infected trophozoites
(Fig. 2b). In contrast to the results for the P. acanthamoe-
bae-infected trophozoites, Cp. abortus DNA levels steadily
decreased up to 96 hpi and remained at this level up to
a week later. This decrease was observed for all Cp. abortus
MOIs tested.3.3. Optimisation of conditions to facilitate propagation
of Cp. abortus in A. castellani 9UGTo further determine if the culture conditions were respon-
sible for this failure to propagate Cp. abortus in A. castellani,
we examined a number of different growth parameters includ-
ing modification of the amoebal growth incubation tempera-
tures (i.e., 34 and 36 C) and addition of antibiotics (i.e.,
vancomycin, gentamycin and amphotericin B) to the amoebal
growth medium, as previously performed for Cp. pneumoniae
experimental infections of A. castellani [10]. Under these
diverse conditions, real-time PCR detection of Cp. abortus
revealed a steady decrease in Cp. abortus DNA levels over
the time courses sampled (data not shown), suggesting Cp.
abortus taken up by the A. castellani were readily digested.3.4. Encystment assaysUnder adverse conditions, A. castellani trophozoites
undergo conversion into temperature-resilient, double-walled
entities known as cysts [20]. Intracellular bacteria of free-
living amoebae such as Legionella pneumophila [21],
Mycobacterium avium [22] or the Chlamydia-like organism,
S. negevensis [9], can survive in the cysts and are localized
within the cyst or between the cyst walls. With this in mind,
we made the interesting observation that a small proportion
of Cp. abortus infected amoeba formed cysts within 1e3
days after infection, with chlamydial LPS-positive material
evident and associated with the cell wall. To explore the pos-
sibility that Cp. abortus could be encapsulated during A. cas-
tellani encystment, synchronous encystment experiments were
performed on Cp. abortus infected A. castellani. Cysts with
LPS-positive staining were readily detected (Fig. 4), confirm-
ing the previous observations. However, a closer inspection of
the high resolution 3D image stacks revealed that, in no case,
could a concurrent staining with DAPI for DNA be observed,
which would have been indicative of a chlamydial EB or RB.
The staining for LPS was also less distinct than the clear
delineation typically observed for chlamydial particles. We
could not confirm the presence of Chlamydia in the cysts using
TEM (not shown). Real-time PCR detection of Cp. abortus
Fig. 1. Uptake and survival of P. acanthamoebae and Cp. abortus in A. castellani 9GU. CLSM of P. acanthamoebae and Cp. abortus infections of A. castellani
9GU at 24, 48 h, and 72 hpi. P. acanthamoebae were stained with a rabbit anti-Parachlamydia antibody and detected with goat anti-rabbit Alexa488 (green). Cp.
abortus were stained with a monoclonal LPS antibody and detected with a goat anti-mouse Alexa594 antibody (green). All infections were co-stained with
ConA594 or ConA488 (both labelled red in this figure) and DAPI (blue). Magnifications for all images are indicated by a scale bar.
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copy numbers as observed in the previous experiments (data
not shown).
4. Discussion
The data presented in this study suggest that free-living
amoebae, such as A. castellani, do not serve as a natural
reservoir for propagation of Cp. abortus. This inability would
appear to differentiate members of the Chlamydiaceae from
their phylogenetic relatives including members of the Para-
chlamydiaceae and Simkaniaceae, which are well-described
endosymbionts of free-living amoebae [2,9,23]. Microscopic
investigation of amoebal trophozoites infected with Cp. abor-
tus failed to detect the formation of typical inclusions charac-
teristic for intracellular growth in stark contrast to the rapidly
growing multiple inclusions inside the lumen of A. castellaniinfected with P. acanthamoebae. PCR quantification of
chlamydial DNA within the Cp. abortus amoebal co-cultures
revealed a steady decrease in Cp. abortus DNA copy number
over time which, combined with the microscopy data, suggests
that the phagocytosed Chlamydia may be digested by the tro-
phozoites. This observed trend was not temperature dependent
and was even observed when the amoebae were compromised
by treatment with the amoebicidal agent, amphotericin B.
Digestion of phagocytosed Cp. abortus was further supported
by the results of encystment assays in which LPS-positive
signals could be detected associated with the surface of the
amoebal cysts but are unlikely to be intact Cp. abortus EBs
as they were diffuse, rather than point-like or circular, and
did not co-localize with a DAPI-labelling for DNA.
The failure of Cp. abortus to grow inside A. castellani, as
observed in this study, is not necessarily inconsistent with the
conclusions drawn from re-infection assays used to examine
Fig. 3. Electron micrograph of Cp. abortus in A. castellani at 2 hpi. Magnifi-
cation is indicated by a scale bar. The presence of Cp. abortus could be ob-
served in membrane-bound structures within the A. castellani lumen.
Fig. 2. Growth of P. acanthamoebae and Cp. abortus in A. castellani. Relative DNA copy numbers of P. acanthamoebae (A) and Cp. abortus (B) were determined
by quantitative PCR and plotted against time. A. castellani were infected with Cp. abortus at MOI 50 (squares), 100 (circles), and 200 (triangles). Results shown are
representative of three independent experiments and are presented as meansþ standard deviation.
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ing amoebae [10]. Re-infection assays with mammalian cell
lines of Cp. abortus from amoebal lysates, as used by Essig
et al. [10], were not used in our experiments because we could
not completely preclude the possibility that non-phagocytosed
EBs, remaining associated with the infected amoebal cell
layers following their washing, might lead to infection and
thence a false positive result. Nevertheless, logarithmic
increases in chlamydial cell numbers, as observed for P. acan-
thamoebae in this study, were clearly absent for infections
with either member species of the Chlamydiaceae suggesting
that A. castellani is not a ‘‘natural’’ host for either organism.
Even though it would appear that the majority of phagocytosed
Cp. abortus were digested by A. castellani, we also cannot
completely exclude the possibility that individual bacteria
may be resistant to amoebal digestion and remain intact for
further infection, as suggested for Cp. pneumoniae [10].
Given the widespread occurrence of free-living amoebae in
water sources, the results of this study are suggestive that
exposure to contaminated water is probably not a route of
transmission for Cp. abortus to infect animals. This suggestion
is consistent with the absence of reports of disease outbreaks
of members of the Chlamydiaceae from water sources and is
in stark contrast to well-documented cases of disease
outbreaks caused by amoebae-resistant bacteria such as
Legionella [24] and even Chlamydia-like organisms such as
P. acanthamoebae [25,26]. The lack of evidence linking
growth and survival of the classical members of the Chlamy-
diaceae in free-living amoeba is also consistent with the
failure to isolate any member of this family from environmen-
tal sources, compared to the successful recovery of a variety of
intracellular bacteria using amoebal co-culture [16,27,28].
The apparent cell specificity of Cp. abortus (and Cp.
pneumoniae) for higher eukaryotes should assist the identifica-
tion of virulence mechanisms utilized by Chlamydia-like
organisms to escape phagolysosomal digestion by free-living
amoebae. Comparative analysis of the first genome sequence
of a Chlamydia-like endosymbiont of free-living amoebae,Protochlamydia amoebophila UWE25, has already revealed
the presence of a number of virulence factors that are absent
in, or vastly different from those of, pathogenic Chlamydia
[29]. Notable differences in the genome of this amoebal
endosymbiont compared to genomes of members of the Chla-
mydiaceae include a vastly different cell wall protein compo-
sition and the presence of additional nucleotide transport
proteins, among others. The absence of these latter proteins
or other proteins of unknown function may be the key to
understanding the seeming inability of traditional members
of the Chlamydiaceae to infect and propagate in free-living
amoebae. Further analyses of the interaction between
Fig. 4. Encystment of A. castellani trophozoites infected with Cp. abortus. CLSM was used to investigate the presence of Cp. abortus in A. castellani cysts. Cp.
abortus were stained with an anti-LPS antibody and detected with a goat anti-mouse Alexa594 antibody (red). Amoebal cysts were labelled with ConA488 (green)
and DNA was stained with DAPI (blue). Magnifications for all images are indicated by a scale bar.
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with detailed analysis of the intracellular trafficking of Chla-
mydia in free-living amoebae, will provide better understand-
ing of this anomaly.Acknowledgements
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